Abstract. In commercial greenhouses, fan flower 'Whirlwind Blue' (Scaevola aemula R. Br.) plants are sensitive to phosphorus applications in the range typically applied to other floricultural crops. To quantify this response, fan flower plants were grown in Hoagland solutions containing 0, 20, 40, 60, or 80 mgÁL -1 P. Plants fertilized with either the highest (80 mgÁL -1 ) or lowest (0 mgÁL -1 ) P concentrations had significantly shorter stems and smaller shoot dry weights and leaf areas than plants fertilized with 20 to 60 mgÁL -1 P. Low or high P concentrations negatively impacted flower number; fan flower fertilized with 0, 60, or 80 mgÁL -1 P had fewer flowering branches and flowers compared with plants fertilized with 20 to 40 mgÁL -1 P. Plants receiving no P had longer roots than those receiving any P and had greater root dry weights than plants receiving all other P concentrations except 20 mgÁL . Foliar nutrient analysis indicated that although P treatments significantly impacted foliar concentrations of at least some essential macro-and micronutrients, all essential elements were within or near recommended ranges except P. Foliar P concentrations exceeded 1 mgÁg -1 in fan flower that received even the lowest concentration of supplemental P, but leaf chlorosis was only observed in plants grown in 60 to 80 mgÁL -1 P. As a result of rapid accumulation of P in fan flower foliage and subsequent reductions in flower number and shoot elongation, fan flower should be fertilized with no more than 20 mgÁL -1 P.
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Fan flower is an herbaceous member of Goodeniaceae native to western Australia (Armitage, 1997 (Armitage, , 2001 ). Stems are procumbent and plants have bluish purple or white flowers with petals on only one side of the pedicel that form in leaf axils and at stem tips. Because it flowers prolifically and has interesting flowers and foliage, fan flower is a popular plant for use in hanging baskets or combination planters and is thus a commercially important species for many greenhouse growers.
Previous research indicated that containergrown fan flowers have fewer and shorter stems, reduced leaf area, and fewer flowers when grown in substrates fertilized with more than 43.5 mgÁL -1 P of (Zhang et al., 2004) . Phosphorus toxicity symptoms include reduced shoot growth (Marschner, 1995) . Water-soluble fertilizers with equal amounts of nitrogen and P 2 O 5 (i.e., those with a 20N-17.4P-16.6K formulation) may contain higher than necessary P concentrations for this species. Zhang et al. (2004) also reported that the pH of substrates was more acidic when fan flower was fertilized with increasing P concentrations, making it unclear whether low substrate pH or high P concentrations caused the observed morphological effects.
It is vital to know whether P or acidic substrate pH caused the morphological effects to provide commercial greenhouse growers with appropriate fertilizer recommendations for fan flower. Furthermore, it is becoming increasingly important to provide growers with specific, accurate recommendations for P concentrations for all horticultural crops. Overapplication of P is linked to eutrophication of surface bodies of water. Legislators are becoming increasingly concerned about the effects of greenhouse runoff on water quality (Lea-Cox and Ross, 2001) , making it more important to fertilize ornamental greenhouse plants with only the required amount of P. To do this, commercial greenhouse growers need precise fertilizer recommendations for P.
For these reasons, the primary objective of this research was to determine how fan flower morphology is impacted by various P concentrations under a constant pH. To ensure ease of pH adjustment, fan flower plants were grown hydroponically, not in typical container substrates. A second objective was to develop P fertilizer recommendations for fan flower that may be tested in commercial substrates to determine optimal rates for fan flower production. Third, we want to determine how foliar concentrations of essential nutrients are impacted by varying P concentrations, which may be essential for maintaining plant health.
Materials and Methods
The substrate was gently rinsed off roots of uniform fan flower cuttings in 84-cell trays obtained from a commercial grower (Pleasant View Gardens, Loudon, NH) on 30 Mar. 2006. Plants were then established in 11.4-L plastic containers (dimensions = 38 · 25 · 13.5 cm 3 ) containing half-strength, modified Hoagland solution without P (Hoagland and Arnon, 1950) . Monobasic ammonium phosphate was added to Hoagland solutions at the following concentrations of elemental P in solution: 0, 20, 40, 60, or 80 mgÁL -1 . Ammonium chloride was added to solutions to balance the ammonium concentration in all treatments. Containers were wrapped in aluminum foil to exclude light, and plants (eight per container) were suspended in holes drilled in the container lids and supported by polyester batting. Aquarium pumps supplied ambient air in solutions in each container. Plants were grown in a glass greenhouse. Electrical conductivity and pH were measured twice weekly. Lime or MES buffer [2-(Nmorpholino)ethanesulfonic acid] was added to adjust pH as needed to maintain a pH of 5.5 to 6.5. Hoagland solutions were completely replaced every other week to replenish nutrients. Toward the end of the experiment, water was added to experimental units as needed to maintain solution volumes.
Two or three plants were destructively harvested 21 and 42 d after transplanting, respectively (21 DAT and 42 DAT). On those dates, the lengths of the longest stem and root were recorded, and leaf area was measured using a leaf area meter (LI-3000A, 21 DAT; LI-3100C, 42 DAT; LI-COR Biosciences, Lincoln, NE). Roots and shoots (stems and leaves) were dried in a drying room and dry weights were recorded. Fully mature leaves were analyzed for mineral nutrient concentrations at a local soil, plant, and water analysis laboratory. All plants harvested from each experimental unit (three plants) were combined to obtain adequate tissue for the analysis. Plants were arranged in a randomized complete block design with three blocks. One container was an experimental unit with eight subsamples (plants) in each experimental unit. Two plants (subsamples) were harvested 21 DAT and three plants (subsamples) were harvested 42 DAT. There were three blocks (experimental units) for each treatment. For all data, excluding the foliar nutrient data, plants were treated as subsamples and the containers were replicates. As a result of small plant size, foliar samples from all subsamples harvested on the final date were combined to obtain adequate tissue for analysis. At 42 DAT, the number of stems containing flowers and the total number of flowers on each plant were recorded. Data were analyzed in SAS (SAS Institute, Inc., Cary, NC) using general linear models and least significant difference means separation.
Results and Discussion
Morphology. Shoots of fan flower grown in either the highest or lowest P concentrations tended to be smaller than shoots of plants grown in 20 to 60 mgÁL -1 P. For example, 42 DAT into hydroponic solutions, branches of fan flower grown in Hoagland solutions with 20 to 60 mgÁL -1 P had similar branch lengths [35 to 40 cm at 42 DAT, respectively (Fig. 1A) ]. Conversely, plants grown in solutions containing either the highest (80 mgÁL -1 P) or lowest (0 mgÁL -1 P) P concentrations had significantly shorter branches at 42 DAT. These trends were also reflected in shoot dry weight measurements (Fig. 1B) . However, shoot dry weight of plants grown in 40 to 60 mgÁL -1 P were less than those grown in 20 mgÁL -1 P. At 21 DAT, stem lengths tended to be shorter and shoots had less dry weight when fan flower plants were fertilized with either no P or the highest P concentration (Fig. 1A-B) . However, this trend was not always significant according to means separation analyses. Fan flower fertilized with either the highest or lowest P concentrations appeared stunted and did not exhibit much shoot growth during the study. Branches of fan flower grown in the highest P concentration only grew 2.5 cm between the two measurement dates compared with at least 7.1 cm or more at other P concentrations [7.1 cm (0 mgÁL -1 P); 20.4 cm (20 mgÁL -1 P); 20.1 cm (40 mgÁL -1 P); 18.2 cm (60 mgÁL -1 P)]. In addition to reduced stem length and shoot dry weight; P concentrations in Hoagland solutions also affected fan flower leaf area. Plants grown in solutions with 20 mgÁL -1 P had the largest leaf areas on both 21 and 42 DAT; plants grown with both higher (40 to 80 mgÁL -1 P) and lower (0 mgÁL -1 P) P concentrations in Hoagland solutions had smaller leaf areas at 42 DAT ( Fig. 2A) . These results are similar to those reported by Zhang et al. (2004) who noted that either high P or low substrate pH reduced stem length and stem number of fan flower 'New Wonder'. It is typical for plants grown without supplemental P to develop shorter branches. One symptom of P deficiency is reduced shoot growth (Vance et al., 2003) . Lupinus luteus L. (European yellow lupine) plants exhibit shoot dieback and dry matter reduction when applied P is 32 mg/plant or more (foliar P concentrations = 1.76 mgÁg -1 ; Warren and Benzian, 1959) . Freedan et al. (1989) also reported that Glycine max (L.) Merr. (soybean) grown in hydroponic solutions with 0.3 mgÁL -1 P had smaller shoot dry weights and less leaf area than soybeans grown with 6.2 mgÁL -1 P. Begonia · semperflorens-cultorum Hort. 'Ambassador Scarlet' (wax begonia) and Petunia · hybrida Hort. Vilm.-Andr. 'Blue Frost' (petunia) grown on ebb and flow benches without P fertilizer were shorter and had less dry weight than plants fertilized with 50 to 100 mgÁL -1 P (James and van Iersel, 2001) .
When plants were considered marketable (42 DAT), fan flowers grown with 20 mgÁL -1 P in Hoagland solutions had the greatest number of flowering branches and plants with 20 to 40 mgÁL -1 P in solution had greater numbers of flowers than all other treatments (Fig. 2B-C) . Like with the data for overall shoot growth, either too much or too little P reduces fan flower flowering. Because flower number may indicate quality, growers should apply some P, but not more than 20 mgÁL -1 P, to avoid negatively impacting flowering and quality.
Root length and dry weight tended to decrease as P concentrations increased (Fig.  1C-D) . At the termination of the experiment, roots of plants grown in 60 mgÁL -1 P were short but appeared white and healthy. Roots of plants grown in 80 mgÁL -1 P were short and brown. Plants grown in this concentration of P appeared to develop few (if any) new roots after they were transplanted into hydroponics. Existing roots were on average 1 cm shorter at 42 DAT than at 21 DAT. Unlike shoots, plants grown without P produced roots that were longer than roots grown at other P concentrations (Fig. 1C) and heavier than roots grown at 40 to 80 mgÁL -1 P (Fig.  1D) . Although some researchers have observed reduced root growth in response to P deficiency (Borch et al., 1999) , most researchers agree that P-deficient plants have greater root dry weight than plants grown with sufficient P (Vance et al., 2003) . These increases in root dry weight are typically reflected in changes in root architecture as well. Most plants such as Arabidopsis thaliana (L.) Heynh. (mouse ear cress) appear to increase lateral root growth at the expense of a reduction in primary root growth (López-Bucio et al., 2002; Vance et al., 2003) .
Foliar nutrient concentrations. Both the highest and lowest P rates resulted in significant impacts on foliar macro-and micronutrient concentrations (Tables 1 and 2 ). Foliar concentrations of nitrogen were significantly higher in fan flowers grown in Hoagland solutions with 20 to 60 mgÁL -1 P compared with either 0 or 80 mgÁL -1 P (Table  1) . Potassium concentrations were lower in fan flowers grown at the highest P concentration solution compared with all other treatments (Table 1) . Observed root damage when fan flowers were grown in the highest P concentration may have severely limited uptake of all nutrients. In fact, at 42 DAT, even P foliar concentrations were significantly lower in plants grown in 80 compared with 60 mgÁL -1 P (Table 1) , possibly as a result of root damage. Plants grown without P had significantly lower magnesium (42 DAT only) and calcium (21 and 42 DAT) concentrations compared with fan flower grown with any supplemental P (Table 1) . Although macronutrient concentrations differed among treatments, foliar macronutrient concentrations of all elements except P were sufficient for plants grown at all P concentrations (nitrogen sufficiency range = 10 to 60 mgÁg ; Mills and Jones, 1996) . There were no significant differences in foliar micronutrient concentrations at 21 DAT, but manganese, boron, and zinc foliar concentrations were significantly different at 42 DAT for fan flowers grown in differing P concentrations in Hoagland solutions (Table  2) . Despite the trend for applied P concentrations to impact foliar concentrations of these micronutrients, all were present at near, or above, recommended sufficiency ranges (manganese = 10 to 50 mgÁg ; Mills and Jones, 1996) . Both the highest and lowest concentrations of P (0 and 80 mgÁL -1 , respectively) resulted in higher levels of some micronutrients than the midlevel P concentrations. Toxic rates of P do lead to a reduction in availability of some micronutrients such as zinc, iron, and copper (Marschner, 1995) . Of these micronutrients, foliar concentrations of only zinc were significantly reduced by applying greater than 0 mgÁL -1 P concentrations in Hoagland solutions (Table 2) . Because foliar concentrations of all macro-and micronutrients except P were at or near recommended ranges, it is unlikely that treatment differences in concentrations of any of those nutrients caused the observed morphological effects. The counterion in this experiment was chloride, because NH 4 was added as ammonium chloride. Applied chloride concentrations were inversely proportional to P treatments. However, based on foliar P concentrations and observed deficiency (0 mgÁL -1 ) and toxicity (80 mgÁL -1 ) symptoms, is more likely that P, not chloride, caused the observed treatment effects. Thus, either high or low P concentrations in Hoagland solutions were likely responsible for morphological changes in fan flower.
Phosphorus concentrations were always significantly higher when fan flower received any supplemental P compared with controls, which received no P after transplant (Table  1) . Interestingly, even the lowest solution concentration of P (20 mgÁL -1 ) resulted in foliar P concentrations that were over 20 times more concentrated than controls. In the nontreated controls, foliar P concentrations were 0.064 mgÁg -1 at 21 DAT (Table 1) . Foliar P concentrations were even lower at 42 DAT (0.036 mgÁg -1 ; Table 1 ). Mills and Jones (1996) report that 0.2 to 0.5 mgÁg -1 foliar P may be sufficient for most plants. According to Marschner (1995) , foliar P concentrations greater than 1 mgÁg -1 may result in P toxicity. In this experiment, only the nontreated control had foliar P concentrations below 1 mgÁg -1
, and P concentrations in those plants were deficient. Phosphorus toxicity symptoms include reduced stem elongation and foliar necrosis and chlorosis (Marschner, 1995) . In our experiment, stem length decreased at P concentrations in . The most severe symptoms of P toxicity were observed in the highest level of applied P (80 mgÁL -1 ), but plants fertilized with 60 mgÁL -1 P had some chlorotic leaves. Fan flower fertilized with 40 or 60 mgÁL -1 P had less shoot and root dry weight and leaf area than plants receiving 20 mgÁL -1 P, but did not show extreme toxicity symptoms evident when fan flower were grown at 80 mgÁL -1 P. However, based on foliar P concentrations and observed effects of P on fan flower morphology, we do not recommend using more than 20 mgÁL -1 P. Because the foliar P concentration of plants grown in even 20 mgÁL -1 P was above levels considered toxic, it is possible that the optimum P concentration is between the range of 0 to 20 mgÁL . The foliar concentration of P preplant was unknown, and we cannot rule out the possibility that high preplant P applications could have impacted the rate response. Further research should determine the true optimum P concentrations to apply to fan flower in container media.
High concentrations of P in foliage are unusual considering that in natural soils, many researchers consider P to be ''the most limiting element for plant growth and development'' (Vance et al., 2003) . However, similar responses have been reported in the literature. Other species native to western Australia, where soils are phosphorus-poor, exhibit phosphorus toxicity at low applied phosphorus concentrations. Banksia ericifolia L. f. (heath-leaf banksia) plants grown in a sedge peat, sand, and perlite (1:1:1 v/v/v) substrate developed P toxicity symptoms when they were fertilized with 200 mgÁL -1 P (Parks et al., 2000) . Shane et al. (2004) report that Hakea prostrata R. Br. (harsh hakea), another western Australian species in the Proteacea family, is less able to reduce P uptake than typical agricultural crop species when P supplies exceed demand. Other species such as wheat have this capacity and do not exhibit toxicity symptoms when P concentrations in hydroponic solutions are up to 31 mgÁL -1 P (foliar concentration = 0.87 mgÁg -1 ). Hakea prostrata, however, is much more sensitive to phosphorus and develops phosphorus toxicity at external phosphorus supplies as low as 1.6 mgÁL -1 P. The concentration of phosphorus in mature leaves is 1.4 mgÁg -1 when this plant is grown in hydroponic culture with 3 mgÁL -1 P (Shane et al., 2004) .
Conclusions
Fan flower plants grown hydroponically in 0 to 80 mgÁL -1 P displayed reduced shoot growth and flower development when fertilized with either no P or 80 mgÁL -1 P. Plants fertilized with P concentrations above 20 mgÁL -1 exhibited some symptoms of phosphorus toxicity. With the highest concentration, phosphorus toxicity was pronounced and plants had chlorotic foliage and poor shoot and root growth. Plants grown in 40 to 60 mgÁL -1 P had minimal to no chlorosis, but did exhibit reduced shoot and root growth. For these reasons, and because foliar P concentrations exceeded 1 mgÁg -1 in plants fertilized with 40 to 80 mgÁL -1 P, fan flower should not be fertilized with more than 20 mgÁL -1 P. Because the foliar P concentration of even the lowest P fertilization rate was greater than 1 mgÁg
